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I.  INTRODUCTION 


Ins  report  presents  additional  measurements  of  water  vannr 
b  orpt  on  at  CO  laser  wavelengths .  In  these  measurements  the 
total  pressure  dependence  of  the  absorntion  is  studied  The  next 
report  will  present  more  extensive  results  (i  e  1  rn  L  , 

m(m  Torr) .  VaD°r  Partia1  pressur*s>  at  a  sinol'e'total  pressure 


II.  EXPERIMENTAL  TECHNIQUE 

A  schematic  diagram  of  the  exoeriment  is  shnwn  in  Pin  i 
length tJfno“317Wkm.Set  ^  48  t''aversals  corresponding  to  a  path 

hio"ld  lt  s-r  Siate  Uni*e''sityeby9MIT  Lf ncoir, laboratory1’11  iTVw 
n  ’  „dtH’9Hand  USeS  a  diffracti°"  oraUng  ior  In” 

one  line  annoys  L  lL  !  .sp?antl  of  the  CO  transitions  more  than 
appears  in  the  output  for  some  gratinq  settings. 

The  lines  selected  for  study  are  listed  in  Tallin  i  Thn 
presented  in  this  report  used  list  A  nf  Tahin  i  i  '  e  stu<^ies 
which  Will  be  rlp  r  iu  il  /  f  Tabl°  L  Latcr  measurements 

described  in  the  next  report  used  list  A  and  list  B. 


TABLE  I 

CO  LINES  USED  IN  EXPERIMENTS 


List  A  (Unbl ended) 


1978.586 

5-4 

P  (1 5 ) 

1974.373 

5-4 

P  ( 1 6 ) 

1952.907 

6-5 

P  ( 1 5 ) 

1927.299 

7-6 

P(15) 

1970.129 

5-4 

P{1 7) 

1948.729 

6-5 

P{16 ) 

1880.348 

9-8 

P  ( 1 4 ) 

1854.933 

10-9 

P(14) 

List  B  (Unblended) 


List  C  (Blends) 

1 9^6 . 001  6-5  P  (1 9 ) 

19. ).  529  7-6  PM2) 

1935.486  7-6  P ( T  3 ) 

1874.459  10-9  P(9> 

1913.891  8-7  P  ( 1  r* ) 

1940.276  6-5  P(I8) 

1876.309  9-8  P (1 5 ) 

1914.774  7-6  P (1 8) 


1931.409  7-6  P  (1 4 ) 

1905.841  8-7  P (1 4  ) 

1957.051  6-5  P ( 1 4 ) 
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This  report  describes  additional  laboratory  water  vapor 
absorption  measurements  at  CO  laser  frequencies.  A  companion 
report  (3271-5)  which  is  being  issued  at  the  same  time  includes  a 
more  extensive  discussion  of  the  experimental  methods  which  are 
common  to  the  measurements  in  this  report  (3271-4)  and  that  one 
(3271-5). 
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For  all  measurements  presented  in  this  report  only  unblended  lines 
were  used.  Some  attempt  was  made  to  make  measurements  at  some  of  the 
blended  lines,  list  C  of  Table  I,  but  the  results  were  not  satisfactory. 
Additional  effort  which  is  not  planned  at  this  time  would  be  required 
to  refine  the  procedures. 

The  transmittance  is  obtained  as  the  ratio  of  the  transmittance 
of  the  evacuated  cell  (background)  to  the  transmittance  when  the 
sample  is  present.  The  background  ratios  were  measured  before  and 
after  the  sample  measurement.  Due  to  the  lonq  mixinq  time  required 
for  the  water  vapor-nitrogen  sample,  twelve  to  twenty-four  hours 
elapsed  between  the  "before"  and  "after"  backaround  measurements. 

These  two  background  ratios  did  not  agree  as  closely  as  desired.  As 
the  experimental  techniques  were  refined  the  ratios  were  more  nearly 
repeatable  (within  5%).  The  variation  appeared  to  be  a  random  one. 

In  the  data  reduction  the  average  of  the  two  ratios  was  used. 


III.  LINES  STUDIED 

A  calculation  using  the  Cal fee-Benedi ct  line-data  tables  and  a 
Lorentz  line  shape  was  used  to  select  the  CO  lines  to  be  studied. 


Five  sets  of  data  will  be  described, 
following  lines: 


Three  of  them  use  the 


12 

1854.933 

10-9 

P(14) 

11 

1880.348 

9-8 

P(14) 

P(15) 

9 

1927.299 

7-6 

10 

1948.729 

6-5 

P  ( 1 6 ) 

4 

1952.907 

6-5 

P  (15 ) 

8 

1970.129 

5-4 

P  ( 1  7 ) 

2 

uses 

1974.374 

the  above  plus: 

5-4 

P  (1 6 ) 

1 

1978.586 

5-4 

P(15) 

uses : 

12 

1854.933 

10-9 

P(14) 

11 

1880. 3^3 

9-8 

P  ( 1 4 ) 

13 

1905.841 

8-7 

?(1A) 

‘  ('5) 

9 

1927.259 

"-6 

6 

1931.409 

7-6 

Pfi4) 

10 

1948.7 

6-5 

?  v  "i  6  ) 

4 

1952. 9i 

6-5 

P(15) 

18 

1957.05' 

6-5 

P  (1 4 ) 

8 

1970.12 

5-4 

P(1 7 ) 

2 

1974.374 

5-4 

"(16) 

3 


The  number  to  the  left  of  the  wavenumber  is  a  relative  rank  of 
that  line  for  transmittance  through  an  atmosphere  having  10  Torr 
water  vapor  and  760  Torr  total  pressure  as  determined  from  the  pre¬ 
viously  mentioned  calculation,  with  one  representing  the  best 
transmittance  line. 


IV.  EXPERIMENTAL  RESULTS 
A.  8.89  Torr  Water  Vapor 

Two  experiments  were  performed  at  this  partial  pressure.  Table 
II  summarizes  the  results  of  tne  first  experiment.  Eight  CO  lines 


TABLE  II 

EXPERIMENTAL  RESULTS  FOR  8.89  TORR  WATER  VAPOR  AND  TOTAL 
PRESSURES  OF  126  TO  767  TORR 


1.  Entries  are  transmittance  DATE  4/15/72 

on  path  lenqth  listed  PATH  LENGTH  =  . 73l 7 

WATER  VAPOR  PRESS.  =8.89 


WAVENUMBER 

P  =  8.89 

P  = 

126 

EB 

620 

P  = 

767 

cm'l 

n 

k 

T 

D 

T 

D 

k 

m 

k 

Esi 

.  OBS 

Hi 

OBS 

EE9 

_ 

ESI 

1854.933 

.775 

.348 

.385 

.214 

f 

.126 

2.33 

1880.348 

.85 1 

.219 

.531 

.865 

.327 

1.53 

.236 

1.97 

1927.299 

.859 

.500 

.947 

.361 

1.39 

.283 

1.73 

1948.729 

.153 

.596 

.707 

.457 

1.07 

.328 

1.52 

1952.907 

.925 

.725 

.440 

.629 

.634 

.538 

.847 

1970.129 

.925 

.661 

.566 

.469 

1.03 

.373 

1.35 

1974.374 

I  .964 

.962 

.053 

.807 

.293 

.698 

.491 

1978.586 

1 

’ 

— 

.856 

k.  . 

.212 

.751 

.391 

were  studied  for  the  8.89  Torr  H2O  and  total  pressures  (N2  added)  of 
126,  346,  620,  and  767  Torr.  Table  II  gives  the  measured  transmittance 
of  the  0.7317  km  path  for  each  pressure.  A  second  column  for  each 
pressure  gives  the  corresponding  absorption  coefficient  in  km-1.  Table 
III  gives  similar  results  for  an  experiment  which  included  only  one 
broadening  pressure,  52.8  Torr  in  Table  I. 


TABLE  III 

EXPERIMENTAL  RESULTS  FOR  8.89  TORR  WATER  VAPOR  AND  FOR  A  MIXTURE 
OF  8.89  TORR  WATER  VAPOR  AND  A  TOTAL  PRESSURE  Or  52.8  TORR 

1.  Entries  are  transmittance  DATE  6/16/72 

on  path  length  listed  PATH  LENGTH  =  .7317 

WATER  VAPOR  PRESS.  =  8.89 


WAVENUMBER 
cm  1 

P  =  8. 

T 

0BS 

89 

k 

P  = 

T 

0BS 

52.8 

k 

1854.933 

.756  ' 

.382 

.666 

.556 

1880.348 

.807 

.293 

t 

.749 

j  .395 

1927.299 

.902  | 

.141 

.818 

.275 

1948.729 

.874  ! 

.184 

.827 

i  .260 

1952.907 

.899 

.146 

.880 

!  .175 

1970.129 

.869 

.192 

.313 

.283 

1974.374 

.921  ' 

.112 

.890 

1  .159 

I 


Figures  2-9  also  present  results  of  these  experiments.  In  this 
case,  although  the  data  was  taken  at  t  =  .7317  km,  the  results  have 
been  scaled  to  transmittance  on  a  one  km  path  assuming  that  rn  T  =  -kf.. 
The  calculated  curve  is  obtained  by  using  the  Cal  fee -Benedict  Tables 
(1 )  and  a  Lorentz  line  shape  (2).  BOUND  was  25  cnrl ,  T  =  76°F,  and 
the  self  broadening  coefficient  was  assumed  to  be  5.  The  curves  shown 
were  hand  sketched  to  provide  an  approximate  fit  to  the  measured  or 
computed  points. 

There  is  no  apparent  reason  for  the  fact  that  the  126  Torr  data 
does  not  agree  with  the  data  at  other  pressures.  We  tentatively 
conclude  that  an  error  was  made  in  recording  these  results. 

B .  8.26  Torr  Water  Vapor 

This  experiment  was  similar  to  the  previous  ones.  The  partial 
pressure  of  water  vapor  was  8.26  Torr  and  the  total  pressures  were 
58,  128.5,  330,  539,  and  760.5  Torr.  The  results  are  presented  in 
Table  IV  and  Figs.  10-16.  By  the  time  these  measurements  were  taken 
the  experimental  technique  had  improved  somewhat  resulting  in 
generally  better  data  particularly  at  the  lower  pressures. 

C •  5.77  Torr  Wa ter  Vapor 

A  measurement  was  made  at  5.77  Torr  water  vapor  for  total 
pressures  of  102,  302,  497,  and  759  Torr.  This  data  is  presented  in 
Table  V  and  Figs.  17-26.  Except  for  an  expected  greater  scatter 
for  the  higher  transmittance  lines  the  results  are  consistent  with 
previous  values. 
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Calculated  and  measured  transmittance  at 
1854.933  cm' 1  for  8.85  torr  water  vapor. 


^0  PRESSURE  =  8.69  TQRR  L  =  1.0  KH _ H/iS/72 
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Fig.  3.  Calculated  and  measured  transmittance  at 
1880.348  cm"l  for  8.8E  torr  water  vapor. 


H?B  PRESSURE  =  8.89  TORR  L  =  1.0  KH  H/15/7? 


Calculated  and  measured  transmittance  at 
1952.907  cm'l  for  8. 85  torr  water  vapor. 


H20  PRESSURE  =  8.99  TQRR  L  =  1.0  KM  4/15/72 
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Calculated  and  measured  transmittance  at 
1970.129  cm"'  for  8.85  torr  water  vapor. 
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iq.  10.  Calculated  and  measured  transmittance  at 
1854.933  cm"1  for  8.26  torr  water  vaDor. 


H20  PRESSURE  =  8.26  TQRR  L  =  1.0  KM  6/21/72 


0’1  6*0  8*0  £*0  9'0  S'O  fc'O  £*0  2*0  1*0  0*0 

33NtJliI  WSNdfcli 


16 


Calculated  and  measured  transmittance  at 
1880.348  cm-'  for  8.26  torr  water  vapor. 
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Calculated  and  measured  transmittance  at 
1927.299  cm-'  for  8.26  torr  water  vapor. 


H30  PRESSURE  =  8 . 36  TQRR  L  =  1.0  KM _ 6/31/70 

o  CPLCUIPTED 
+  MERSUPED 


O’  1 


o 
-  n 
to 

4-5  • 

03  i- 

O 

CL)  Q. 
U  03 
C  > 

cc 

03 

•4->  t- 

cn 

4->  QJ 

•i —  4-5 

ii 
DOS 
_l _ 

E  03 
00  3: 
c 

2 

03  i- 

•—1 

L-  U 
4-J  O 

Ul 

4-5 

“O 

CC 

CL)  CO 

o  — . 

-  a 

s-  C\J 
Z3 

=r  CD 

CO  CO 

in 

03 

UJ 

a  h 

CC 

E  o 

4- 

a. 

“D 

Cr— 

D  , 

-  o  ir 

^  E 

on  CC 

“D  U 

h- 

a> 

tD 

4->  r— 

03  O 

r-  CTi 

Z3  • 
U  C\J 

□ 

in 

“  D 

03  cr. 

fU 

O  r— 

r- 

o 

CD 

(V 

if) 

CD 


L  ° 

b  o 


cn 


19 


ro  i- 

O 

o  c. 

O  0) 

c  > 

fD 

4->  W. 
4J  O 


E  o 

LT>  ^ 

c 

t-  '~ 
4^  O 


<D  vO 
t  CVJ 


m  00 
03 

B.& 


fO  I 

E 

-O  u 
Ol 

O' 
<T3  CVJ 


3  . 

u  o 

r—  N 

<d  cn 

CJ  r- 


ir> 


CT> 


o 


21 


Fig.  16.  Calculated  and  measured  transmittance  at 
1974.374  cnH  for  8.26  torr  water  vapor. 
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lated  and  measured  transmittance  a 
841  cm"-'  for  5.77  torr  water  vapor 


Calculated  and  measured  transmittance  at 
1931.409  crrl  for  5.77  torr  water  vapor. 


HgQ  PRESSURE  »=  5.77  TQRR  L  «  1  .  Q  KM  6/2U/73 


TOTAL  PRESSURE 
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D .  Pure  Wate r  Vap or 

One  experiment  was  made  using  pure  water  vapor  samples.  In 
addition  a  pure  sample  was  measured  in  each  of  the  previous  experi¬ 
ments.  This  data  is  presented  in  Table  VI  and  column  one  of 
Tables  III-V. 


V.  INTERPRETATION  OF  RESULTS 


A.  Pure  Water  Vapor 

All  of  the  CO  lines  studied  are  located  in  window  regions  of 
the  water  vapor  spectrum.  If  a  Lorentz  line  shape  is  used  and  if 
the  frequency  is  in  the  wings  one  has: 


(1) 


-fcn  T  = 


C1  5oi  aoi  P  £ 
i  tt[ ( v-vQi  )2] 


kt 


so  that  the  extinction  coefficient  should  be  proportional  to  the 
square  of  the  water  vapor  pressure.  The  experimental  data  was  used 
as  input  to  a  least  square  error  curve  fitting  program  of  the  form 
k  =  Ap2.  The  results  are  presented  in  Table  VII  and  Fig.  27.  It 
can  be  seen  that  to  a  good  approximation  the  pure  water  vapor  ex¬ 
tinction  coefficients  for  these  lines  are  proportional  to  the  square 
of  the  pressure  as  predicted  by  simple  theory. 

B .  N i troge n  Broadened  Water  Vapor 

Figures  2-26  give  the  transmittance  of  a  given  laser  line  for 
fixed  partial  pressure  of  water  vapor  and  variable  total  pressure. 

The  calculated  curve  is  based  on  the  Calfee-Benedict[l]  line  data 
tables,  a  Lorentz  line  shape,  a  self  broadening  coefficient  of  5  and 
a  BOUND  of  25  cm'1  as  mentioned  previously. 

The  predicted  transmittances  are  considerably  higher  than  those 
which  were  measured.  This  trend  was  confirmed  in  the  more  extensive 
measurements  at  760  Torr  total  pressure  which  will  be  reported  in 
the  next  quarterly  report  (3271  -5).  The  form  of  the  pressure  dependence 
as  depicted  by  the  theory  is  confirmed  by  the  measurements. 

The  nature  of  the  difference  led  us  to  initially  suspect  a 
systematic  error.  However,  extensive  checking  (described  further  in 
Report  3271-5)  has  only  confirmed  the  basic  accuracy  of  the  experi¬ 
ments.  It  is  possible  that  there  is  an  important  effect  existing 
in  the  real  world  of  water  vapor  mixtures  which  the  theory  does  not 
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TABLE  VII 

MEASURED  PURE  WATER  VAPOR  EXTINCTION  COEFFICIENTS  FOR  SF 
CO  LASER  LINES  INCLUDING  LEAST  SQUARES  FIT  TO  K  =  Ap 
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take  into  account.  Our  current  feelinc,  however,  is  that  the  basic 
problem  is  that  the  actual  line  shape  is  not  Lorentzian.  In  3271-5 
we  have  suggested  a  "super  Lorentzian"  i.e.,  enhanced  wing  shape  and 
have  shown  that  using  that  shape  it  is  possible  in  most  cases  to 
obtain  excellent  agreement  with  the  measured  results  at  all  total 
pressures  and  all  partial  pressures  in  the  range  covered  by  the 
experiments.  Further,  the  agreement  between  the  760  Torr  total 
pressure  results  reported  here  and  those  reported  in  3271-5  is 
excellent. 


VI.  CONCLUSIONS 

Jhe  measurements  described  in  this  report  and  its  companion 
(3271-5 ;  have  shown  that  the  absorption  coefficients  in  water  vapor- 
nitrogen  mixtures  at  highly  transmitting  CO  laser  wavelengths  are 
much  higher  than  predicted  by  "synthetic  spectra"  type  calculations 
when  current  practice  (Lorentz  line  shape  etc.)  is  followed. 

The  results  present  a  discouraging  picture  for  the  application 
of  the  CO  laser  although  the  path  length  and  the  altitude  of  the 
proposed  transmission  path  are  most  important  due  to  the  hiqhly 
variable  nature  of  atmospheric  water  vapor[3]. 

The  best  transmitting  line  studied  was  1978.586  5-4  P(15). 

The  4-3  and  lower  bands  of  CO  are  interesting  but  were  not  available 
from  our  probe  laser.  A  series  of  experiments  using  laser  diode 
sources  made  by  Ken  Nill,  MIT  Lincoln  Laboratory,  are  planned  at 

tune  2037e21U08Vcm-itV  ^  ^  Spn'n9  °f  19?3'  diodGS  n°W  availab1e 
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